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abstract
Climate, Earth surface processes and soil ther-
mal–hydrological conditions drive landscape de-
velopment, ecosystem functioning and human 
activities in high–latitude regions. Such areas are 
characterized by large annual variations in air 
temperatures, frost–related geomorphic activity 
and extreme spatial heterogeneity of the ground 
surface conditions due to complex topographical 
and edaphic settings. These systems are at the 
focal point of concurrent global change studies 
as the ongoing shifts in climate regimes has al-
ready changed the dynamics of fragile and high-
ly specialized environments across pan–Arctic.
This thesis aims to 1) analyze and model ex-
treme air temperatures, soil thermal and hydro-
logical conditions, and the main Earth surface 
processes,	ESP,	(cryoturbation,	solifluction,	ni-
vation and palsa mires) controlling the function-
ing of high–latitude systems in current and future 
climate conditions; 2) identify the key environ-
mental factors driving the spatial variation of the 
phenomena	studied;	and	3)	develop	methodolo-
gies for producing novel high–quality datasets, 
which can be used in other applications and dis-
ciplines, such as climatology, ecology and geo-
science. To accomplish these objectives, spatial 
analyses were conducted throughout a range of 
geographical scales by utilizing multiple statis-
tical modelling approaches, such as regression 
and machine learning techniques. The robust-
ness of these models was further increased by 
adopting an ensemble approach, where the out-
puts of different statistical algorithms were com-
bined to give single agreement outputs. This the-
sis was based on unique datasets from north-
ern Fennoscandia: climate station records from 
Finland, Sweden and Norway; state–of–the–art 
climate	model	simulations;	fine–scale	field	mea-
surements collected in arctic–alpine tundra; and 
remotely-sensed geospatial data. The study area 
covers the main environmental gradients thus 
providing suitable study settings for theoretical 
and applied research in arctic–alpine environ-
ments.
Overall, the models successfully related the 
geographical variation in investigated high–lati-
tude phenomena to main environmental gradi-
ents. In paper I, accurate extreme air tempera-
ture maps were produced, which were notably 
improved	after	incorporating	the	influence	of	lo-
cal factors such as topography and water bodies 
into the spatial models. In paper II, the results 
show extreme variation in soil temperature and 
moisture over very short distances, while reveal-
ing the factors controlling the heterogeneity of 
surface thermal and hydrological conditions. Fi-
nally, the modelling outputs in papers III and 
IV provided new insights into the determination 
of geomorphic activity patterns across arctic–
alpine landscapes, while stressing the need for 
accurate climate data for predictive geomorpho-
logical distribution mapping. Importantly, Earth 
surface processes were found to be extremely 
climatic sensitive, and drastic changes in geo-
morphic systems towards the end of 21st cen-
tury can be expected. The increase over current 
temperatures	by	2	˚C	was	projected	to	cause	a	
near–complete loss of active ESPs in the high–
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latitude study area.
This thesis demonstrates the applicability of 
spatial modelling techniques as a useful frame-
work for multiple key challenges in contempo-
rary physical geography. Moreover, with the 
model ensemble approach utilized, the model-
ling uncertainty can be reduced while represent-
ing the local trends in response variables more 
robustly. Such a methodology is required, since 
complex topography, soil conditions and vegeta-
tion produce substantial spatial heterogeneity in 
arctic–alpine landscapes. This local variation in 
environmental conditions is integral, since it po-
tentially buffers against climate change and aids 
in protecting the diversity in both Earth surface 
processes and in biota. In conclusion, this thesis 
provides important perspectives for the determi-
nation of multiple key phenomena typical for 
high–latitude regions, and the established statis-
tical relationships based on extensive sampling 
are applicable over pan–Arctic regions. In fu-
ture Earth system studies, it is essential to fur-
ther assess the dynamics of arctic–alpine land-
scapes under changing climatic conditions and 
identify potential tipping–points of these sensi-
tive systems. Forthcoming studies will require 
novel collaboration across disciplines, spatially 
comprehensive datasets and robust methodologi-
cal approaches.
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1 introduction
1.1 Background and motivation 
High–latitude environments are strongly con-
strained by their latitudinal and altitudinal loca-
tion which is generally characterized by a cold 
climate and pronounced topographical complex-
ity (Bowman and Seastedt, 2001). In these sys-
tems	(located	 roughly	at	60–90˚N/S),	climatic	
conditions, soil thermal and hydrological re-
gimes, and geomorphic activity drive the land-
scape development, ecosystem functioning and 
human activities (Johnson and Billings, 1962; 
Washburn, 1979; Parmesan et al., 2000; Post 
et al., 2009). To cover these different aspects, 
this thesis is divided into three main themes: 1) 
climate, 2) soil thermal–hydrological conditions 
and	3)	Earth	surface	processes.	 In	 the	climate	
part of the thesis (paper I) the focus is on ex-
treme annual air temperature variations, which 
potentially possess a major stress factor for biotic 
processes	(Chapin,	1983;	Marchand	et al., 2006; 
Zimmermann et al., 2009), and partly control the 
activity of Earth surface processes (ESP) in these 
systems (French, 2007). Additionally, lower at-
mospheric conditions are strongly coupled with 
soil temperatures and moisture conditions which 
are further important drivers of vegetation assem-
blages and frost–driven Earth surface processes 
in high–latitude environments (Swanson et al., 
1988; Scherrer and Körner, 2010). Strong varia-
tions in the annual temperature cycles (both air 
and	 in	soil)	are	 therefore	defining	elements	of	
arctic–alpine regions, shaping both the abiotic 
and biotic environment (Greenland and Losle-
ben, 2001). 
Soil thermal and hydrological conditions (the 
second part of the thesis, paper II) are the key 
determinants of ecosystem dynamics and geo-
morphic activity in high–latitude regions (Lloyd 
and Taylor, 1994; French, 2007; Bertoldi et al., 
2010). These ground surface characteristics are 
the fundamental drivers of soil physical–chemi-
cal processes, such as microbial activity, carbon 
cycling, nutrient availability and the activity of 
frost–related processes (Broll et al., 1999; Saito 
et al., 2009). Recent literature has recognized ex-
treme temperature and moisture variations with-
in distances less than one meter (Scherrer and 
Körner, 2010; le Roux et al.,	2013a),	thus	creat-
ing	a	mosaic	of	processes	operating	at	fine	spatial	
scales. Presumably, this spatial heterogeneity in 
ground thermal and hydrological patterns is ulti-
mately driven by complex topographical settings, 
(Isard, 1986; Takahashi, 2005) and, within a few 
meters, may exceed long latitudinal or altitudinal 
gradients (Billings, 1974; le Roux et al.,	2013a).
A manifestation of the broad scale geologi-
cal and climatic factors and soil temperature and 
moisture, ESPs are characteristic features of arc-
tic–alpine landscapes (papers III and IV) (Wash-
burn, 1979; French, 2007). ESPs in these regions 
are mainly driven by the formation of ground ice 
in the topmost soil layer and the spatial distri-
bution of permafrost (French, 2007; Etzelmül-
ler,	2013).	Geomorphic	systems	are	 important	
factors effecting landscape and vegetation dy-
namics in arctic–alpine systems (Malanson et al., 
2012; Frost et al.,	2013;	le	Roux	et al.,	2013b).	
In the third part of the thesis (papers III and 
IV), the focus is on four key ESPs occurring in 
high–latitude	regions:	solifluction,	cryoturbation,	
nivation and palsa mires. Geomorphic features 
reflect	 the	 landscape	evolution	during	 the	Ho-
locene while processes still remain active today 
(Allard,	1996).	Solifluction	is	gradual	mass	wast-
ing driven by freeze–thaw cycles of the upper-
most soil layers combined with gravity (Harris 
et al., 2001a; Matsuoka, 2005). These slow mass 
movements create various features such as lobes, 
steps and stripes (Matsuoka, 2001; Harris et al., 
2008). Cryoturbation (frost churning) refers to 
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the mixing of materials from various horizons of 
the soil down to the bedrock due to freezing and 
thawing, generating features such as patterned 
ground and earth hummocks (Washburn, 1979; 
Matthews et al., 1998; French, 2007). Nivation 
represents local snow accumulation sites close-
ly related to other hillslope processes including 
mass	wasting,	weathering	and	fluvial	processes	
(Thorn, 1979; Wasburn, 1979; French, 2007). 
Palsa mires are mire complexes with a perma-
nently frozen core (Seppälä, 1986), located at 
the outer margins of the discontinuous perma-
frost zone in high–latitude peatlands (Luoto et 
al., 2004).
At regional scales (spatial resolution 10 km2–
1000 km2), climatic conditions, such as average 
temperature and precipitation, has been found to 
control the geomorphic activity as well as soil 
thermal and hydrological patterns (Isard, 1986; 
Fronzek et al., 2006). These conditions, however, 
establish very general distributional patterns of 
response variables due to the spatial extent of the 
meteorological variables (Luoto et al., 2004; Pot-
ter et al.,	2013).	Moreover,	recent	literature	im-
plies that towards the landscape and local scale 
(spatial resolution 1 km2 – 0.01 km2) other factors 
such as local topography, soil characteristics and 
vegetation, control the soil thermal–hydrologi-
cal	patterns,	with	geomorphic	activity	filtering	
the coarse–grained effects of climate and cre-
ating distinct microclimatic spaces (Hjort and 
Luoto, 2009; Wundram et al., 2010; Scherrer 
and Körner, 2011; Graham et al., 2012; Malan-
son et al., 2012). Further, the increasing level of 
spatial heterogeneity causes strong coupling and 
feedbacks among environmental gradients (both 
abiotic and biotic) (Isard, 1986; Ehrenfeld et al., 
2005; le Roux et al.,	2013a).	From	a	method-
ological point of view, these connections can be 
challenging as the level of collinearity, i.e., the 
statistical association between explanatory vari-
ables,	tends	to	increase	towards	fine	spatial	scales	
(Daly, 2006). This can further hinder the investi-
gation of individual effects among variables and 
potentially	causal	links	(Graham,	2003).
1.2 climate change context
Over the last decades, high–latitude regions es-
pecially have experienced a rapid increase in 
mean temperatures (Serreze et al., 2000; IPCC, 
2013).	Simultaneously,	 the	dynamics	of	 these	
landscapes has changed; for example the veg-
etation cover has increased notably in response 
to changing climatic conditions (Sturm et al., 
2001; Tape et al., 2006) and fragile permafrost 
formations have started to degrade (Luoto and 
Seppälä,	2003;	Payette	et al., 2004; Bosiö et al., 
2012). High–latitude regions may be very sen-
sitive to climate warming due to their marginal 
location, specialized biota at their distributional 
limits and the fact that the projected relative rise 
in temperatures increases pole wards (Fountain 
et al.,	2012;	IPCC,	2013)	(Fig.	1).	In	addition,	
various land surface conditions and permafrost 
in these environments are found to be strongly 
linked to the prevailing climate (Fronzek et al., 
2006; Etzelmüller et al.,	2013;	Farbrot	et al., 
2013).	Importantly,	multiple	environmental	gra-
dients are potentially responding simultaneously 
to the changing climate, with an as yet uncertain 
rate and amplitude (Chapin et al., 2005; Starr et 
al., 2008; Virtanen et al., 2010).
Changes in arctic–alpine systems can trig-
ger multiple opposing feedbacks with poten-
tially global implications (Knight and Harrison, 
2013).	For	example,	warmer	and	wetter	climate	
conditions in the future can cause permafrost 
thaw to accelerate further, amplifying the deg-
radation of palsa mire complexes (Payette et al., 
2004; Fronzek et al., 2006). Similarly, dimin-
ishing frost–activity enables vegetation to re–
establish, which in turn stabilizes the topmost 
soil	and	further	modifies	heat	fluxes	and	nutri-
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ent cycles (Kade and Walker, 2008). The under-
standing of such feedbacks is essential for cur-
rent global change impact studies. For example, 
changes in land surface processes across pan–
Arctic might effect ecosystem dynamics (Vir-
tanen, et al., 2010; Macias–Fauria and Johnson, 
2013)	and	lower	atmospheric	conditions	through	
various feedbacks related to changes in ground 
reflectance,	heat	fluxes	and	biochemical	cycles	
(Callaghan et al., 2011; Koven et al., 2011; Pear-
son et al.,	2013).	Moreover,	permanently	frozen	
peat soils are major storages of organic carbon, 
and the thawing of these releases greenhouse 
gases (CO2, CH4 and N2O) with potentially ma-
jor effects on the climate system (Christensen et 
al., 2004; Bosiö et al., 2012). In this thesis, the 
impacts of climate change were examined in a 
predictive geomorphological context (paper IV).
1.3 methodological development
The spatial modelling of response variables and 
the	identification	of	the	most	influential	predic-
tors is an essential theme in contemporary en-
vironmental and climate change impact studies 
(Guisan and Thuiller, 2005; Hjort and Luoto, 
2009; Boeckli et al., 2012). Modern statistical 
approaches (e.g., Breiman, 2001; Venables and 
Ripley, 2002; Luoto and Hjort, 2005; Elith et 
al.,	2008)	provide	flexible	methods	for	capturing	
multivariate relationships between response and 
environmental predictors across large geographi-
cal gradients (Walsh et al., 1998; Hjort and Luo-
to,	2013),	connections	that	are	often	accompa-
nied by nonlinearities and thresholds (Schumm, 
1979;	Phillips,	2003;	Hjort	and	Luoto,	2011).	
Moreover, different predictor variables often 
possess a distinct effective scale (Daly, 2006; 
Potter et al.,	2013),	 indicating	 that	 the	spatial	
extent of the predictors’ effect might vary, e.g., 
figure 1. Forecasted changes in A) mean temperatures (∆ T) and B) precipitation (∆ RR) by the end of 
21st century in northern Europe based on the ensemble of 19 general circulation models (GCM) (special 
report on emission scenarios [SRES] scenario A1B assuming CO2 emission roughly equal to 700 parts per 
million, baseline period 1971–2000). The black boxes indicate the approximate location of the study domain.
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from regional to local (i.e., 1000 km2–0.01 km2). 
Therefore, a useful approach for examining the 
influence	of	various	environmental	factors	on	re-
sponse variables is through a hierarchical model-
ling perspective (Walsh et al., 1998; Albrecht and 
Car,	1999;	Pearson	and	Dawson,	2003).	More	
precisely, this encompasses the integration of 
different data sources e.g., climate, topography 
and soil into spatial models in stepwise man-
ner (e.g., Pearson et al., 2004; Sormunen et al., 
2011). Consequently, such a modelling approach 
helps to conceptualize and structure the effects 
of environmental drivers on response variables 
(papers I and III).
However, uncertainty in spatial modelling is 
introduced to the study from a variety of sources, 
for example sampling errors, inaccuracies in geo-
spatial datasets and modelling algorithms (Walsh 
et al., 1998; Guisan and Zimmermann, 2000). 
The choice of the most suitable modelling tech-
nique can be challenging since different statis-
tical algorithms have their own strengths and 
weaknesses (Luoto and Hjort, 2005; Marmion 
et al., 2008). Recently, the compilation of en-
semble prediction, i.e., the spatial forecast based 
on the outputs of multiple different modelling 
methods, has gained momentum in the environ-
mental sciences (Marmion et al., 2009; Gallien 
et al., 2012). By utilizing such an approach, it is 
possible to examine the majority trends in data 
while considering the methodology related un-
certainty (Araújo and New, 2007; Marmion et al., 
2009). Moreover, this is especially useful when 
extrapolating the modelled present day patterns 
to future (or past) environmental conditions, as 
the predicted patterns of a single technique inside 
an ensemble might differ notably depending on 
the algorithm (Thuiller, 2004; Araújo et al., 2005; 
Fronzek et al., 2011). In this thesis, the ensemble 
modelling approach was utilized for predicting 
geomorphic activity patterns in current and future 
climate conditions (papers III and IV).
1.4 objectives of the thesis
This thesis has three main objectives: firstly to an-
alyze and model the spatial variation in extreme 
temperatures (paper I), ground thermal–hydro-
logical conditions (paper II), and geomorphic 
activity patterns (paper III), which are impor-
tant controllers of high–latitude environments. 
Moreover, paper IV examines the climatic sen-
sitivity of the four key ESPs, after modifying 
the prevailing temperature and precipitation re-
gimes. Secondly, the aim is to identify the most 
influential	 factors	driving	 the	spatial	variation	
in described response variables under realistic 
multivariate settings. Thirdly, this thesis aims 
to provide new perspectives on the links and 
feedbacks among various environmental gradi-
ents operating in the arctic–alpine regions, while 
developing methodologies for producing spatial 
datasets to be used by other applications and dis-
ciplines, such as ecology and geoscience. To ac-
complish the described objectives, spatial anal-
yses were conducted across large geographical 
gradients utilizing modern statistical modelling 
approaches,	comprehensive	field–quantified	ob-
servations and remotely sensed geospatial da-
ta sources. By assessing the climatic sensitivity 
of various land surface processes, this thesis at-
tempts to deepen public discussion about impacts 
of climate change in high–latitude regions, and 
further	strengthen	the	scientific	understanding	of	
these environments.
16
2 material and methods
2.1 study areas 
In this thesis, temperature extremes, soil ther-
mal–hydrological conditions and ESPs were 
modelled, focusing on multiple study areas in 
high–latitude Fennoscandia (Fig. 2). This region 
covers extensive environmental gradients with 
low human disturbance, thus providing an ideal 
location for spatial modelling studies and global 
change investigations. In general, the cold cli-
mate of this region is affected by its northern lo-
cation, the strong continental–oceanic gradient 
and the Scandes mountains (Tikkanen, 2005). 
The study area represents the marginal zone of 
discontinuous permafrost (Fig. 2a) (Christiansen 
et al., 2010). Based on the climate station data 
used in paper I (n=61; Fig. 2b), the mean annual 
temperature over the period of 1971–2000 was 
–0.3	°C.	However,	due	to	a	strong	land–ocean	
gradient and pronounced topographical varia-
tions, the mean annual temperature drops from 
4.3	°C	(Borkenes,	Norway;	N	68°46’	S	16°15’,	
36	meters	above	sea	level	[m	a.s.l.])	to	–3.6	°C	
(Kilpisjärvi	Saana,	Finland;	N	69°2’	S	20°49’,	
1007 m a.s.l.) over a distance of approximate-
ly 190 kilometers. Similarly, the mean annual 
precipitation	sum	is	549	mm,	ranging	from	323	
mm	(Abisko	Scientific	Research	Station,	Swe-
den;	N	68°21’	S	18°49’,	394	m	a.s.l.)	to	1049	
mm	(Tromsø,	Norway;	N	69°39’	S	18°56’,	100	
m a.s.l).
Due to the long–term development of the bed-
rock	(0.4–3.0	Ga),	topography	varies	throughout	
the study domain with the highest fell tops lo-
cated in the geologically younger regions of the 
study area of Caledonian rocks (i.e., Scandes at 
the west). The middle and southern parts con-
sist of eroded Precambrian bedrock with a gently 
sloping landscape (Laitakari, 1998). This part of 
Fennoscandia is mainly covered by glacigenic till 
deposits, peat soils and bare rock, but sandy es-
ker formations from Weichselian glaciations are 
also widespread. Vegetation shifts from spruce 
(Picea abies) and Scots pine (Pinus sylvestris) 
dominated forests in the south, to mountain birch 
(Betula pubescens ssp. czerepanovii) in the north 
of the study area. Alpine vegetation, above the 
tree line, is characterized by shrubs (e.g., Betu-
la nana, Juniperus communis ssp. alpina) and 
dwarf–shrubs (e.g., Empetrum hermaphroditum) 
(Sormunen et al., 2011; le Roux et al., 2014).
In this thesis, each case study (papers I–IV) 
represents a subset of the described geographi-
cal domain (Fig. 2). The study area in paper I 
is	 located	between	68˚N	and	70˚N	(Fig.	2b	in	
paper I). The two study sites in paper II are lo-
cated approximately 100–200 m above the tree 
line on the Saana massif, both at an elevation 
of ca. 700 m a.s.l. (Fig. 2d). The study areas in 
papers III and IV cover ca. 20 000 km2 and 26 
000 km2, respectively, mainly in north–western 
Finland (including minor parts from Sweden and 
Norway) (Fig. 2c).
2.2 climate data
2.2.1 Climate station data
The temperature dataset used in paper I cov-
ers the period 1971–2000 and comprises 61 sta-
tions covering the northern parts of Fennoscan-
dia from the national observation networks of 
Finland, Sweden and Norway. The observations 
were collected from the climate databases of the 
Finnish Meteorological Institute and other na-
tional	meteorological	offices	and	research	sta-
tions	(Abisko	Scientific	Research	Station	2012;	
Norwegian Meteorological Institute, 2012; 
Swedish Meteorological and Hydrological In-
stitute, 2012). Daily minimum, maximum and 
mean temperatures were extracted from station 
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records and were used to determine annual ab-
solute extremes and mean annual temperatures. 
The average of the yearly values across the pe-
riod 1971–2000 was subsequently used in paper 
I to analyze the spatial variations of the temper-
ature parameters.
2.2.2 Derived climate indices
In papers III and IV, the distributional patterns of 
ESPs were investigated in relation to four climate 
indices: mean annual temperature (TMEAN), 
freezing degree days (FDD), thawing degree 
days (TDD) and water balance (WAB). Such 
predictors have been shown to correlate with the 
occurrence of permafrost features in high–lati-
tude regions (Luoto et al., 2004; Fronzek et al., 
2006). To obtain the climatic indices, monthly 
mean temperatures and annual precipitation sum 
were	modelled	based	on	 the	statistical	specifi-
cations (generalized additive model; GAM) in 
paper I, accounting for topography, water cover 
and geographical location. The FDD and TDD 
are based on effective temperature sum below 
and	above	base	temperature	(0˚C),	respectively	
(Carter et al., 1991):
FDD = ∑ (𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑏𝑏)
𝑛𝑛
𝑖𝑖=1 , if (Ti – Tb)  < 0, (1) 
TDD = ∑ (𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑏𝑏)
𝑛𝑛
𝑖𝑖=1 , if (Ti – Tb)  > 0, (2) 
 
where, Ti denotes the mean temperature at day i, 
Tb the base temperature, and n the length of the 
summation period. However, as daily tempera-
ture data was not available for this thesis, we es-
timated FDD and TDD using monthly data (fol-
lowing e.g., Araújo and Luoto, 2007). WAB was 
calculated as the difference between the mean 
annual precipitation sum and potential evapora-
tion (PET) following Skov and Svenning (2004):
where T denotes the monthly mean temperatures. 
To predict the activity patterns of ESPs under 
current and future climates, these four indices 
were subsequently averaged to a spatial resolu-
tion of 200 m × 200 m (ArcGis 10.1 Zonal Sta-
tistics –function).
2.2.3 Global climate model simulation data
Climate projections for the 21st century are based 
on an ensemble of 19 global climate model sim-
ulations obtained from the coupled model in-
tercomparison	project	phase	3	(CMIP3)	archive	
(Meehl et al., 2007). In this thesis, the future cli-
mate over two periods, from 2040 to 2069 and 
from 2070 to 2099, was calculated by adding 
the mean change as predicted by the 19 gen-
eral circulation models (GCM) to the observed 
1971–2000 climate (spatial resolution 10 km × 
10 km) (Jylhä et al., 2009). The data represents 
the average changes in temperatures and precipi-
tation under the B1, A1B and A2 emission sce-
narios	(Nakićenović	et al., 2000); B1 represent-
ing low, A1B medium and A2 high greenhouse 
gas emissions, leading to CO2 concentrations at 
the end of the 21st century of roughly 540, 700 
and above 800 parts per million, respectively. 
In order to match the resolution of the modelled 
baseline climate, the GCM data was bi–linear-
ly downscaled to 200 m × 200 m. For the sen-
sitivity analysis in paper IV, constant changes 
were applied to modelled monthly climate data; 
changes	in	temperature	from	–2	°C	to	+6	°C	at	
0.5	°C	intervals,	and	of	precipitation	from	–50	%	
to 50 % at 10 % intervals were tested. In paper 
IV, the climate predictors used (i.e., TMEAN, 
TDD, FDD and WAB) were re–calculated for 
each sensitivity and emission scenario analysis.
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PET = 58.93 × Tabove 0 ˚ C  / 12, (3) 
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2.3 field data
The spatial variation in soil temperature and 
moisture (paper II)	were	investigated	in	a	fine–
scale study setting; on the Saana massif six sam-
pling grids were established at two sites, with 
each grid comprising 160 1 m2 plots in a regular 8 
x 20 arrangement. Both response variables were 
measured on two consecutive days (northwest-
ern site; 16 July 2012; southwestern site: 17 July 
2012) from a depth of 10 cm using a handheld 
digital temperature probe VWR–TD11 (VWR 
international, Radnor, Penn., USA; accuracy of 
0.8	°C).	Volumetric	soil	moisture	was	measured	
using	a	hand–held	 time–domain	reflectometry	
sensor	 (FieldScout	TDR	300;	Spectrum	Tech-
nologies,	Plainfield,	IL,	USA)	up	to	a	depth	of	
10	cm,	taking	the	mean	of	ca.	3	measurements	
per quadrat.
In addition to the two response variables, 
three groups of predictors (each comprising of 
four variables) were measured and/or calculat-
ed: topography, soil characteristics and vegeta-
tion (le Roux et al.,	2013a;	Mod	et al., 2014). 
The four predictor variables related to topogra-
phy were: mesotopography (a measure of local 
topography: 1=depressions, 10=ridge tops; see 
Billings,	1973;	Bruun	et al., 2006), slope angle, 
potential annual direct radiation, and elevation. 
The four soil predictors were: soil temperature 
(when modelling soil moisture), soil moisture 
(when modelling soil temperature), peat depth, 
and the cover of rock. Finally, the four predictors 
in the vegetation group were: vegetation volume, 
biomass, cover of moss, and cover of lichen. The 
detailed description of the measuring protocol 
and predictors is provided in paper II.
In the geomorphology part of this thesis (pa-
pers III and IV), the focus was on the activity 
patterns of four ESPs occurring in arctic–alpine 
regions:	solifluction	(Fig.	3a),	cryoturbation	(Fig.	
3b),	nivation	(Fig.	3c),	and	palsa	mires	(Fig.	3d).	
High–resolution aerial photography (spatial reso-
lution of 0.25m2;	Land	Survey	of	Finland,	2013)	
and	targeted	field	 investigations	were	used	for	
the compilation of the geomorphological dataset 
(see e.g., Luoto and Hjort, 2005). The activity 
of the ESPs (1=presence, 0=absence) was visu-
ally estimated based on the evidence in topsoil 
material e.g., mass wasting, frost–heaving and 
cracking as well as soil displacement (le Roux 
and Luoto, 2014). In paper III, the geomorpho-
logical	dataset	comprised	1150	observations	(531	
sites visited). Moreover, this dataset was com-
plemented in paper IV by increasing the total 
number of observations to 1200.
2.4 Geospatial data 
A wide range of geospatial information sourc-
es and geographical information system (GIS) 
techniques (ArcGis 10.1 Spatial analyst –func-
tions) was utilized throughout this thesis. In pa-
per I, the extreme temperature variations were 
modelled in relation to topography, water cover 
and geographical location. The digital elevation 
model (DEM) used is a global Gtopo with a spa-
tial	resolution	of	30	arc	seconds	(900	m;	USGS,	
2004). The land cover data was obtained from 
the Corine land cover 2006 dataset with a spatial 
resolution of 100 m × 100 m (European Environ-
ment Agency, 2012). The water cover variables 
were	spatially	filtered	with	varying	kernel	sizes	
to account the gradually diminishing effects of 
the Arctic Ocean and lake cover (ArcGis 10.1 
Focal statistics –function).
In addition to the climatic predictors de-
scribed in section 2.2, papers III and IV focus 
on relating the activity patterns of ESPs with 
topographical, soil and vegetation variables (pa-
per III). Two DEMs were utilized with differ-
ent spatial resolutions: 1) 25 m × 25 m (Land 
Survey	of	Finland,	2013;	paper	III)	and	2)	30	
m	×	30	m	(NASA	Land	Processes	Distributed	
Active	Archive	Center	LP	DAAC,	2013;	paper	
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IV). From these DEMs, four terrain parameters 
were derived: slope angle, topographical wetness 
index (TWI) (Beven and Kirkby, 1979), poten-
tial annual direct solar radiation (MJ/cm2/a), and 
total curvature (positive value indicating ridge 
tops and negative values valley bottoms). TWI 
was calculated using a Python script written by 
Prasad	Pathak	(Esri,	2013),	whereas	potential	an-
nual direct solar radiation (McCune and Keon, 
2002)	was	calculated	using	ArcView	3.2	Solar 
analyst –extension accounting for latitude, slope 
angle and slope aspect.  
The three soil predictors used in papers III 
and IV were peat cover, bare rock and sand cover. 
The	soil	classes	were	reclassified	from	the	digi-
tal soil database (Geological Survey of Finland, 
2010; spatial resolution of 20 m × 20 m) and 
the	binary	masks	created	were	spatially	filtered	
to a continuous scale. Additionally, two vegeta-
tion variables were included in the analysis of 
paper III: coniferous forest cover (%) and de-
ciduous forest cover (%). The vegetation data 
was compiled from the Corine 2006 land cov-
er –dataset with a spatial resolution of 25 m × 
25 m (Finnish Environmental Institute, 2006). 
To obtain spatial predictions of the ESPs across 
the two study areas, all the predictors described 
in this section were resampled to 200 m × 200 
m resolution by spatial averaging (ArcGis 10.1 
Zonal statistics –function).
figure 3. The four key Earth surface processes (ESPs) occurring in the study area: A) solifluction (20°59’E 68°59’N, 
ca. 810 m a.s.l); B) cryoturbation (21°4’E 68°59’N, ca 880 m a.s.l); C) nivation (local snow accumulation site, 20°48’E 
69°3’N, ca. 800 m a.s.l); and D) palsa mire (21°25’E 68°43’N, ca. 408 m a.s.l). Photos: A–C, Author, and D, M Luoto. 
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2.5 statistical analysis
The response variables in relation to multiple 
explanatory variables were examined within a 
spatial modelling framework (see e.g., Guisan 
and Zimmermann, 2000; Marmion et al., 2008; 
Ridefelt et al., 2010), in which the geograph-
ical distribution of a response variable is sta-
tistically associated with present environmental 
conditions. In this thesis, ten different statisti-
cal modelling techniques were used (Thuiller 
et al.,	2013),	 ranging	 from	parametric	 regres-
sion	to	complex	machine	learning	and	classifi-
cation methods (e.g., Breiman, 2001; Venables 
and Ripley, 2002; Luoto and Hjort, 2005; Elith 
et al., 2008). Such techniques included: general-
ized linear model (GLM), generalized additive 
model	(GAM),	artificial	neural	network	(ANN),	
classification	 tree	analysis	 (CTA),	generalized	
boosting method (GBM), random forest (RF), 
multiple adaptive regression splines (MARS), 
surface	range	envelope	(SRE),	flexible	discrim-
inant analysis (FDA) and maximum entropy 
(MAXENT). These modelling methods are de-
scribed in more detail in papers I–IV. The en-
semble modelling approach adopted in papers 
III and IV combines the outputs of different al-
gorithms (with varying performance) to a single 
agreement prediction. This technique allows for 
accounting for the uncertainty related to differ-
ent modeling techniques and their underlying as-
sumptions (Walsh et al., 1998; Guisan and Zim-
merman, 2000), further improving the predic-
tive performance of geomorphical distribution 
models (GDM) (Marmion et al., 2009; Gallien 
et al., 2012). 
Throughout this thesis, a cross–validation 
approach was used to evaluate the spatial mod-
els. However, instead of splitting the data once 
for model calibration and evaluation (a common 
split–sample approach; Van Houwelingen and 
Le Cessie, 1990), this procedure was repeated 
multiple times (e.g., 1000 runs in paper II) to 
account for sampling variability. This produces 
a distribution of the evaluation metrics of inter-
est, rather than a single value. For continuous 
response variables (paper I and II), the model 
evaluation was based on the amount of deviance 
explained by the models (i.e., the goodness of the 
fit)	and	the	predictive	performance	i.e.,	how	well	
the predicted values explained the observed ones. 
In papers III and IV, the predicted occurrences 
of ESPs were evaluated using the area under the 
receiver operating characteristics curve (AUC) 
and true skill statistics (TSS). AUC is a thresh-
old–independent measure of predictive accuracy 
assessing the agreement between the observed 
presence/absence values and model predictions 
(Fielding and Bell, 1997). The AUC values range 
from zero to one; a model providing excellent 
predictive performance has an AUC value higher 
than 0.9 and a fair model has AUC values ranging 
from 0.7 to 0.9 (see Swets, 1988). TSS is an ac-
curacy measure that takes into account sensitiv-
ity	(true	positive	rate)	and	specificity	(true	nega-
tive rate) and is not sensitive to prevalence (i.e., 
the frequency of occurrence). TSS ranges from 
–1 to 1, where 1 indicates perfect agreement, 0 
random performance and –1, perfect disagree-
ment (Allouche et al., 2006).
Additionally, two statistical techniques were 
used to calculate the relative importance of envi-
ronmental factors in multivariate study arrange-
ments: 1) variation partitioning, based on GLMs, 
parcels out the independent or joint contribution 
of variable groups (Borcard et al., 1992); while 
2) variable importance in BIOMOD2	identifies	
the relative importance of individual predictors 
(Thuiller et al,.	2013).	More	precisely,	the	vari-
able importance compares correlations between 
the	fitted	values	and	predictions	(thus	indepen-
dent from the techniques used) where the pre-
dictor of interest has been randomly permutated. 
High correlation (i.e., the two predictions show 
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little difference) indicates that the predictor per-
mutated is not considered important for the mod-
el. Subsequently, each of the predictors is ranked 
based	on	the	correlation	coefficients	and	the	pro-
portion	of	the	relative	influence	is	scaled	from	
0 to 1. Hence, the higher the variable impor-
tance,	the	more	influential	the	predictor	is	in	the	
model. The two methods described are useful to 
overcome statistical pitfalls such as collinearity 
among	the	predictors	(Graham,	2003).	All	sta-
tistical analysis in this thesis was conducted in 
the R statistical programming environment (R 
Development Core Team, 2011).
3 summary of original 
publications
paper i
Paper I focuses on investigating the meso–scale 
air temperature variations in topographically 
complex high–latitude environments. More pre-
cisely, mean annual absolute temperature max-
ima and minima, and mean annual temperature 
in Northern Fennoscandia were modelled by 
combining digital elevation model and remote-
ly sensed land cover data with 61 climate series 
from northern Finland, Norway and Sweden. 
GAM and GLM were used to relate the varia-
tion in air temperature extremes to the predictors 
and	to	partition	the	response	to	the	most	influ-
ential environmental variables.
The results indicate that minimum tempera-
tures at the meso–scale are mainly driven by wa-
ter cover variables. The effects were positive with 
proximity to Arctic Ocean generally increasing 
minima, while the lowest temperatures are most 
likely to occur at topographical depressions such 
as large mires and frozen lakes. In turn, maxi-
mum temperatures were most strongly controlled 
by topography. Elevation, particularly, showed 
the strongest effects due to the vertical lapse 
rate. Additionally, temperature maxima were re-
lated to the sea proximity, which tends to buf-
fer temperature variations and further decreas-
ing maximum temperatures. Thus, the highest 
temperature maxima in the study area are likely 
to occur at low elevation sites at considerable 
distance from large water bodies. The models 
mainly associated the spatial variation of mean 
temperatures with geographical location and to 
the proximity of the Arctic Ocean. These results 
thus underline the governing role of oceanic and 
topographical gradients as the key meso–scale 
drivers of temperature variations in this high–lati-
tude region. Moreover, the valuable outputs of 
this paper were the accurate temperature maps 
describing the meso–scale variation in extreme 
and mean temperature conditions. Subsequently, 
these forecasts were used in the later part of this 
thesis as GDM input data (papers III and IV). 
paper ii
In paper II,	the	fine–scale	variation	in	soil	tem-
perature	and	moisture	was	quantified	at	an	arc-
tic-alpine site in northern Europe. Additionally, 
by utilizing GAM and GLM modelling and a 
robust cross–validation scheme, the effects of 
vegetation in controlling thermal and hydrologi-
cal patterns were examined. 
Soil	temperature	was	found	to	vary	by	≥	5	
˚C	and	moisture	by	≥	50	%	volumetric	water	
content	(VWC)	over	very	short	distances	(≥	1	
m).	These	results	thus	reflect	the	extreme	spa-
tial heterogeneity of thermal and hydrological 
conditions in these arctic–alpine systems. The 
inclusion	of	vegetation	variables	 significantly	
improved	both	the	model	fit	and	the	predictive	
performance of the spatial models. While veg-
etation showed marked effects on the studied 
parameters, the abiotic variables such as local 
topography and soil characteristics were the most 
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influential	predictors	controlling	the	soil	temper-
ature and moisture patterns. Furthermore, the re-
sults demonstrate how vegetation can mediate 
edaphic conditions in arctic–alpine environments 
at	a	fine–spatial	scale.	Pan–Arctic	vegetation	is	
potentially sensitive to soil thermal and hydro-
logical alterations due to e.g., complex physical–
chemical connections and feedbacks. Therefore, 
the	understanding	of	these	fine–scale	thermal	and	
hydrological patterns is crucial for future global 
change impact studies.
paper iii
In paper III, the aim was firstly to integrate ac-
curate climate data and multiple local factors to 
develop realistic models of the four key ESPs 
occurring	in	high–latitude	regions:	solifluction,	
cryoturbation, nivation, and palsa mires. Second-
ly, we tested whether the spatial models of ESPs 
are improved after incorporating topographical, 
soil and vegetation predictors to the climate–on-
ly models. Finally, the relative importance of 
these predictors was examined in a multivariate 
arrangement. This study was based on a com-
prehensive geomorphic data set (n=1150) from 
northernmost Europe and modelled climate pre-
dictors. In addition, to reduce the model–relat-
ed uncertainty and to correctly predict the oc-
currence of the ESPs, model ensembles based 
on ten statistical techniques were used. The cli-
matic predictors, such as TMEAN and WAB, 
were derived from the modelled climate dataset 
based	on	the	modelling	specifications	and	out-
puts of paper I.
The results suggest that the occurrence of 
ESPs can be modelled with good accuracy by uti-
lizing only climate predictors. Furthermore, the 
analysis highlighted the pronounced role of the 
climatic	predictors	as	the	most	influential	vari-
ables	for	all	four	ESPs	studied.	This	reflects	the	
strong coupling of prevailing climatological con-
ditions with seasonal frost and permafrost related 
ESPs.	However,	three	out	of	four	models	benefit-
ted from the inclusion of local predictors. The 
compiled ensemble predictions clearly show that 
the activity patterns of ESPs becomes increas-
ingly detailed and patchy as additional predictors 
are included in the models. Therefore, the results 
indicate that, while the climate of the study area 
is the main component driving the coarse–scale 
activity patterns of ESPs, the local patchwork–
like variability of ESPs is strongly constrained 
by the variation in topographical and soil condi-
tions. Importantly, disregarding such local factors 
in GDMs will introduce additional bias into the 
spatial analysis of ESPs.
paper iV
In paper IV, the climatic sensitivity of the four 
key ESPs (paper III) were examined, by mod-
elling their occurrence in relation to changing 
temperature and precipitation regimes, local to-
pography and soil in northernmost Europe. Ad-
ditionally, utilizing ensemble modelling based 
on ten statistical techniques, the distribution of 
ESPs across the 21st century under three green-
house gas emission scenarios was forecasted. 
This study was based on empirical geomorpho-
logical observations (n=1200), complementing 
the dataset presented in paper III. The climate 
model data was based on an ensemble of 19 glob-
al	climate	model	simulations	from	the	CMIP3	
archive. The future climate was calculated over 
two periods (from 2040 to 2069 and from 2070–
2099) and for three (SRES) emission scenarios 
(B1, A1B and A2).
The results indicate that high–latitude Earth 
surface processes are extremely sensitive to 
changes in climatic conditions. Based on robust 
modelling assessments, the forecasts implied a 
nearly complete disappearance of ESPs by the 
end of the 21st century. Moreover, the increase 
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in	baseline	climate	conditions	by	2	˚ C	was	found	
to result in a drastic decrease in geomorphic ac-
tivity in the study area. Similarly, studied ESPs 
strongly responded to manipulated precipitation 
conditions. The sites where geomorphic activ-
ity was maintained were characterized by high 
altitude, compound topography and low radia-
tion input generally associated with north–facing 
slopes. These results thus stress the sensitivity of 
ESP activity to altering climatic conditions in arc-
tic–alpine systems. Moreover, this study shows 
the potential buffering effects of topographical 
and soil conditions against climate change, fur-
ther promoting the local persistence of ESPs. 
The forecasted changes in geomorphic systems 
could have major impacts on both vegetation 
and regional climate system through changes in 
albedo,	heat	fluxes	and	biogeochemical	cycles.	
This	 is	 the	first	 study	 to	examine	 the	climatic	
sensitivity of multiple ESPs at landscape–scale 
while also accounting for local factors.
4 Discussion
4.1 the drivers of the investigated 
high–latitude phenomena
By modelling multiple key high–latitude phe-
nomena, this thesis has provided new perspec-
tives on climate, Earth surface processes and 
thermal–hydrological conditions across arctic–
alpine landscapes. The results, based on exten-
sive datasets and modern multivariate statistics, 
suggest diverse process–environment relation-
ships which are organized in a hierarchical man-
ner. Additionally, the analysis has provided new 
alarming evidence for the climatic sensitivity of 
high–latitude Earth surface processes. The spa-
tial modelling framework and the ensemble–ap-
proach utilized throughout the thesis have prov-
en	to	be	important	analytical	tools	in	the	field	of	
physical geography. Moreover, this work serves 
as a methodological advancement over tradition-
al	descriptive	research,	by	combining	fine–reso-
lution databases with modern multivariate meth-
odology to explain the observed landscape pat-
terns of multiple high–latitude phenomena.
Throughout this thesis, the importance of lo-
cal environmental heterogeneity, especially to-
pography related, is underlined. Furthermore, 
the spatial analysis implies a strong scale de-
pendency of environmental drivers, where dif-
ferent predictors are effective at their distinctive 
geographical distances (Pearson and Dawson, 
2003).	Effective	scale	is	evident	(Fig.	4)	for	ex-
ample when modelling temperature extremes in 
paper I;	latitudinal	position	defines	the	amount	of	
solar	radiation	received	and	the	influence	of	large	
scale atmospheric circulation (here, the moving 
low–pressure systems along the Polar Front). In 
turn, the location with respect to the ocean–land 
gradient determines the susceptibility to conti-
nental air masses from the east (large effective 
scale; Barry and Chorley, 2009) (Fig. 5a). How-
ever, established meso–scale temperature maps 
differ considerably from the broad–scale patterns 
and are strongly constrained by topography (Fig. 
4a). The complex topographical conditions, for 
example slope inclination, aspect as well as ter-
rain ruggedness produces substantial local varia-
tion in e.g., radiation and wind conditions, (Rol-
land,	2003;	Scherrer	and	Körner,	2011;	Yang	et 
al., 2011; Pike et al.,	2013)	subsequently	modi-
fying	 the	finer–scale	variation	 in	 temperatures	
close to ground level. Importantly, this is where 
it possesses the most relevance for ESP activ-
ity and vegetation (Daanen et al., 2008; Malan-
son et al., 2012; le Roux et al.,	2013a)	(Fig.	4b;	
5b). Despite their local effects (i.e., small effec-
tive scale), disregarding additional factors such 
as water cover and peat lands in meso–scale cli-
mate models in these systems might severely re-
duce their accuracy (paper I).
Paper II	 provided	new	 insights	 into	fine–
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scale thermal and hydrological conditions of 
the soil in topographically compound mountain 
areas. Again, the complex terrain acts as initial 
filter	for	broad–scale	temperature	and	moisture	
patterns, while soil characteristics and vegeta-
tion	partly	define	the	patchwork–like	variation	
of soil thermal–hydrological regimes. This modi-
fication	is	potentially	due	to	multiple	inter–con-
nections; for example different soil properties, 
such as pore size and the amount of organic mat-
ter, partly control thermal and hydrological prop-
erties of soils (Wundram et al., 2010; Legates 
et al., 2011). In turn, vegetation cover alters soil 
temperature and moisture patterns by modify-
ing	 transpiration	 rates,	ground	reflectance	and	
wetness in topmost soil layers (Cahoon et al., 
2012; Graham et al., 2012). This spatial hetero-
geneity in ground surface conditions is ecologi-
cally	significant,	since	the	observed	large	differ-
ences in thermal and hydrological patterns in-
side very short horizontal distances (exceeding 
coarse scale latitudinal and elevation gradients) 
challenges the prevailing global change estimates 
(Scherrer and Körner, 2011; Scherrer et al., 2011; 
Lenoir et al.,	2013;	le	Roux	et al.,	2013a).
The	majority	of	the	fine–scale	heterogeneity	
in high–latitude environments is a consequence 
of the topographical control on the formation 
and persistence of perennial snow packs (Wash-
burn, 1979; Bruun et al., 2006; Kivinen et al., 
2012). Depending on the position along the lo-
cal topographical gradient (i.e., mesotopography, 
see	Billings,	1973;	Bruun	et al., 2006) (Fig. 5b), 
these nivation sites strongly control the thermal–
figure 4. An example of the modelled temperature and geomorphic activity patterns in the study area. 
The maps present the effect of sequential inclusion of predictors possessing different effective scales: A) 
geographical location, G, elevation, E, and water cover to minimum temperature forecasts (paper i); and 
B) climate, C, local topography, T, and soil characteristics to slope process distribution model (paper iii). 
The black boxes in panel A) indicate the spatial domain of the slope process forecasts presented in panel B).
26
DEpARTMENT OF GEOsCiENCEs AND GEOGRApHy A29
figure 5. schematic of the generalized patterns of high–latitude phenomena along A) relief–continentality, and 
B) mesotopographical gradient. Mesotopography is a measure of local topography recorded on a 10–point scale 
(1=depressions, 10=ridge tops; following Bruun et al., 2006). Tmean=annual mean temperature (°C), Tmax=mean 
annual absolute maxima (°C), Tmin=mean annual absolute minima (°C), Rad=potential annual radiation (MJ/cm2/a). 
The relative air temperature variations in panel A are based on the modelling outputs in paper i. The response curves 
are based on bivariate GAM modelling with data utilized in paper iii, while in panel B, the relative variation in soil 
temperature and moisture is based on the field measurements conducted at July 2012 (see paper ii for details).
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hydrological regimes of uppermost soil, vegeta-
tion assemblages (e.g., Litaor et al., 2008) and 
the activity of Earth surface processes (Thorn and 
Hall, 2002; French, 2007). Noteworthy, while 
not	quantified	 in	 this	 thesis,	 the	various	gradi-
ents investigated in relation to soil temperature 
and moisture are strongly coupled (Fig. 6b). For 
example, complicated soil–topography–vegeta-
tion interactions exist, where the direction of ef-
fects can be highly ambiguous (see e.g., Legates 
et al., 2010). 
Finally, as summarized in Fig. 6c, the envi-
ronmental factors controlling geomorphic activ-
ity at high–latitudes are diverse and the estab-
lished links can be non–linear (Fig. 5a; papers III 
and IV) (e.g., Hjort et al., 2007; Hjort and Luoto, 
2011).	Yet	again,	a	hierarchical	organization	of	
environmental variables is evident; climate, be-
ing	the	most	influential	factor	for	the	investigated	
ESPs, producing coarse–scale geomorphic activ-
ity patterns (Fig. 4b) (Luoto et al., 2004; Fronzek 
et al., 2006). This is due to the fact that high–
latitude ESPs are strongly related to the forma-
tion of seasonal frost or permafrost (Washburn, 
1979; Ballantyne and Matthews, 1982). There-
fore,	as	identified	in	paper	III, these processes 
in general require sub–zero mean air tempera-
tures with adequate soil moisture input for the 
ground ice to form (Vliet-Lanoë, 1991; Luoto et 
al., 2004; French, 2007). Moreover, this climate–
ESP coupling is highlighted in paper IV, where 
the model assessments suggest marked varia-
tion in geomorphic activity patterns in relation 
to minor changes in temperature and precipita-
figure 6. The drivers determining A) air temperature (Abs Tmin=mean annual absolute minimum temperature; 
Abs Tmax=mean annual absolute maximum temperature; Tmean=mean annual temperature), B) soil thermal 
and hydrological conditions, and C) Esp activity patterns in high–latitude regions. The width of the arrow 
indicates the strength of the effects, while the dashed arrows represent potential links and feedbacks among 
environmental variables not quantified in this thesis. In subfigure C, the edaphic group contains soil quality 
(peat depth and the cover of rock) and soil temperature and moisture marked with a star in subfigure B.
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tion regimes (Fronzek et al., 2006). 
Despite the role of climatic factors, papers 
III and IV emphasize the importance of local 
factors, such as topography and soil character-
istics, controlling ESP activity (Fig. 4b). For ex-
ample, cryoturbation and palsa mires are more 
likely to occur at low inclinations with adequate 
moisture supply (Luoto et al., 2004; Hjort et al., 
2007; Hjort, 2014). In turn, slope processes and 
nivation are active at topographically complex 
high–elevation sites with increased mass–move-
ment	potential	 (solifluction)	and	 low	radiation	
conditions (nivation) (Matsuoka, 2005; Kivin-
en et al., 2012) (Fig. 5a). For ESP activity, the 
strong relationship between soil characteristics 
and ground freezing is widely acknowledged 
(Washburn, 1979; French, 2007). The potential 
effects are derived from thermal and hydrologi-
cal properties of the topmost soil layer mainly 
related to the soil texture (i.e., grain distribution). 
Thus soils with small pore sizes (e.g., till) and 
increased water retention potential are suscep-
tible to frost–action (Daanen et al., 2008). Veg-
etation presumably stabilizes the uppermost soil 
layers	and	modifies	the	hydrology	thus	generally	
limiting cryogenic activity (Stallins, 2006; Hjort 
and Luoto, 2009).
4.2 methodological issues
The spatial modelling framework adopted 
throughout this thesis has provided new in-
sights on process–environment relationships 
in arctic–alpine landscapes. Overall, the con-
structed models showed consistently good per-
formance, i.e., the predicted patterns matched 
well with the observations, even though, when 
coupled with strong correlation structures and 
extensively sampled gradients, several factors 
might hinder the reliability of the modelling re-
sults.	Consequently,	 the	 recognition,	quantifi-
cation and presentation of uncertainties are an 
integral part of modern environmental research 
(e.g., Heikkinen et al., 2006; Luoto et al., 2010; 
Fronzek et al., 2011).
Uncertainty is introduced into the spatial 
models	from	a	variety	of	sources,	such	as	field	
measurements, variable selection, statistical al-
gorithms, model extrapolation and biased inter-
pretation (Walsh et al., 1998; Guisan and Zim-
mermann, 2000). GIS databases and tools of-
fer the widest possibilities and functionality for 
sampling variables for spatial models (papers I, 
III–IV) (Walsh et al., 1998). For example, ma-
ny GDMs are based on variables derived from a 
DEM	and	a	digital	land	cover	classification	(e.g.,	
Hjort et al., 2007; Ridefelt et al., 2010). Despite 
their importance for concurrent environmental 
research, the use of GIS–derived variables can be 
challenging due to systematic problems, which 
are often related to geo–referencing, interpola-
tion, and calculation algorithms (Oksanen and 
Sarjakoski, 2005; Van Niel and Austin, 2007; 
le Roux et al.,	2013a).
A common challenge in multivariate mod-
elling studies is collinearity among explana-
tory	variables	 (Graham,	2003)	and	 the	use	of	
indirect predictors with confounded causality 
(Guisan and Zimmermann, 2000). Additional-
ly, geographical datasets are often spatially au-
tocorrelated thus violating the independent–as-
sumptions of the statistical tests (Legendre et al., 
2002). Statistical techniques exists which are able 
to account for such pitfalls (Mac Nally, 2002; 
Dormann et al.,	2007;	2013).	In	this	thesis,	spa-
tial autocorrelation was routinely tested (papers I 
and II) while the results imply that the methods 
used	were	sufficient.	Moreover,	the	multivariate	
partitioning methods (papers I–III) proved to be 
useful tools for identifying the most important 
predictors (or predictor groups) in multivariate 
settings, where at least moderate level of collin-
earity is expected. 
In papers III and IV, the model ensemble 
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figure 7. Ensemble forecasting of cryoturbation distribution under two different temperature conditions (paper iV). 
The monthly temperatures were modified by –1 °C and +1 °C with respect to the 1971–2000 average. The maps in A 
show the number of models predicting for occurrence at each grid cell. Consequently, the maps in B demonstrate the 
majoritys’ vote approach (papers iii and iV), where the predicted occurrence of cryoturbation is set to locations with 
6 out of 10 modelling techniques voting for presence. in contrast, the number of votes less than six equals absence.
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approach was adopted to account for the meth-
odological differences, as the results are not sen-
sitive to the choice of a single modelling tech-
nique (Fig. 7) (Araújo and New, 2007; Marmion 
et al., 2009; Luoto et al., 2010). Furthermore, this 
methodology enhanced the reliability of the pre-
dicted patterns as it combines the model outputs 
of	various	algorithms	(e.g.,	regression,	classifica-
tion trees and machine learning) into a single con-
sensus map, thus presenting the majority trend 
in the response variables (Marmion et al., 2009; 
Gallien et al., 2012). Additionally, it allowed the 
comparisons between modelling algorithms to 
be made. This thesis recognizes good model-
ling performance of e.g., GAM, GBM, RF and 
MAXENT, thus mostly agreeing with the previ-
ous studies by e.g., Marmion et al., (2008; 2009), 
Heikkinen et al., (2012) and Hjort et al., (2014) 
conducted in different study settings. Notewor-
thy, the ensemble approach was especially useful, 
when models were applied with predictor val-
ues outside the range of the calibration sample 
(paper IV), i.e., space–time extrapolation (Fig. 
7) (Heikkinen et al., 2006). This increased the 
robustness of the forecasts, as the predicted oc-
currences of response variables were set only in 
locations with the highest agreement between 
the modelling algorithms (i.e., majoritys’ vote, 
papers III and IV; Fig. 7b) consequently ex-
cluding sites with most uncertainty (Araújo and 
New, 2007; Gallien et al., 2012).
4.3 future perspectives 
High–latitude areas are a hot spot of current en-
vironmental research due to their observed and 
forecasted responses to altering climate condi-
tions (Hinzman et al., 2005; Post et al., 2009; 
Knight	 and	 Harrison,	 2013;	 Pearson	 et al., 
2013).	Moreover,	a	growing	body	of	literature	
provides evidence for changes in both terrestrial 
and aquatic biota (Walther et al., 2002; Wrona 
et al., 2006; Myers–Smith et al., 2011; Pauli et 
al., 2012), vegetation–ESP interactions (Frost et 
al.,	2013;	Macias–Fauria	and	Johnson,	2013)	and	
geomorphic systems (Christensen et al., 2004; 
Kade and Walker, 2008). To obtain realistic fore-
casts of the future land surface conditions in arc-
tic–alpine regions, a novel collaboration among 
scientists from across the disciplines is required. 
In	 the	field	of	geosciences,	 there	 is	an	emerg-
ing necessity for spatially comprehensive and 
high–quality data sets as well as robust model-
ling exercises over different spatial scales (e.g., 
Pope and Baeseman, 2014). 
Modern remote sensing and modelling tech-
niques are already well established tools in pan-
Arctic, permafrost and vegetation monitoring 
(e.g., Harris et al., 2001b; Stow et al., 2004; Ep-
stein et al., 2012). At the regional scale, one of the 
key contemporary research questions is the effect 
of changing land cover on the climate system 
through	alterations	in	ground	reflectance	(Chapin	
et al., 2005; Callaghan et al., 2011, Loranty et 
al., 2012). Locally, for example, the potentially 
governing role of soil moisture on temperature 
variation as a key factor controlling high–latitude 
ecosystems has recently gained interest (Crim-
mins et al., 2011; le Roux et al.,	2013a).	There-
fore, in situ observation networks need to be es-
tablished to continuously survey the focal param-
eters (e.g., soil temperature and moisture, snow 
cover, permafrost, vegetation dynamics) driving 
the functioning of topographically complex ar-
eas. Topics such as local soil–vegetation–atmo-
sphere interactions, carbon cycling (e.g., CO2 
and CH4) and thawing of permafrost features 
are under increasing interest due to their poten-
tial implications on climate, landscape, ecosys-
tems and human activities (Koven et al., 2011; 
Hipp et al., 2012; Huggel et al., 2012; Knight 
and	Harrison,	2013).	Additionally,	recent	litera-
ture has recognized the potential sheltering ef-
fect of extreme spatial heterogeneity in land sur-
31
face conditions against climate change (Scherrer 
and Körner, 2011; Lenoir et al.,	2013).	As	paper	
IV implies, these pockets of suitable microcli-
mates created by local conditions (Fig. 8) might 
be important for the preservation of both bio– and 
geodiversity under altering climatic conditions. 
Even though statistical modelling is a valu-
able framework for spatial analysis, mechanistic 
models describing, for example, heat and mass 
transfer processes might reduce uncertainties in 
predictions for future climate scenarios (Cramer 
et al., 2001; Fronzek et al., 2006). These pro-
cess–based models, however, rely on heavy pa-
rameterization and their spatial extent is limited 
(Lischke et al., 1998). Therefore, the next step 
in spatial modelling studies would be the incor-
poration of statistical and mechanistic models 
(e.g., Shipley et al., 2006 and Bocedi et al., 2014 
in an ecological context) for an improved land 
surface model. For example, the local develop-
ment of cryoturbated soils could be described 
with a mechanistic model based on thermody-
namics and hydrology, and further statistically 
transferred over broad high–latitude regions as 
a function of e.g., land cover. However, the use 
of such approach will require co–operation be-
tween physical geographers, ecologists, clima-
tologists, hydrologists, geophysicists and soil sci-
entists. Importantly, the spatial and holistic per-
spective combined with strong methodological 
capabilities opens new possibilities for geogra-
phers to be an integral part of future environ-
mental research.
5 conclusions
By modelling multiple key high–latitude phe-
nomena with modern statistical techniques and 
an ensemble approach, this thesis has provided 
new perspectives on process–environment rela-
tionships across arctic–alpine landscapes. Sub-
sequently,	the	analyses	highlighted	the	influence	
of local conditions, for example topography and 
soil,	thus	reflecting	the	spatial	heterogeneity	of	
these environments. Furthermore, this thesis pro-
vided strong evidence for the argument that Earth 
surface processes pan–Arctic are potentially ex-
figure 8. The forecasted occurrence of nivation for increasing temperatures in relation to local topographical 
conditions (paper iV); A) elevation (m a.s.l.) and B) slope angle (in degrees). Dotted black line indicates the mean 
of predictions based on ten modelling techniques, while inner and outer shaded areas represent the 50th and 95th 
percentiles, respectively. The diagrams present how the distributional limits of nivation are first restricted to elevated 
and steep sites before the suitable climate conditions for the activity completely disappears from the study area.
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tremely climatically sensitive.
The main results and implications of this the-
sis can be summarized as follows:
•	 The spatial modelling approach proved to be 
an effective tool for investigating the struc-
ture and functioning of high–latitude sys-
tems. The spatial variation in temperature ex-
tremes, ground thermal–hydrological condi-
tions and ESPs were robustly modelled and 
predicted. Importantly, the analytical mod-
elling tools help to conceptualize and struc-
ture the complex and hierarchical process–
environment relationships in arctic–alpine 
regions.
•	 The results underline the governing role of 
oceanic and topographical gradients as key 
meso–scale drivers of temperature variations 
in high–latitude region. Moreover, accurate 
temperature maps describing the meso–scale 
variation in extreme and mean temperature 
conditions were produced. 
•	 Extreme variation in soil temperature and 
moisture was observed over short distanc-
es,	reflecting	the	strong	spatial	heterogene-
ity of thermal and hydrological conditions in 
these systems. While vegetation has an im-
portant role in mediating soil temperatures 
and	moisture	patterns	at	fine	spatial	scale	in	
the arctic–alpine system, topography and soil 
characteristics	revealed	to	be	the	most	influ-
ential factors. However, when modeling soil 
temperature and moisture, vegetation proper-
ties need to be explicitly considered.
•	 The	modelling	 of	ESPs	will	 benefit	 from	
the inclusion of local predictors, such as to-
pography and soil characteristics, with in-
creased transferability compared to climate–
only models. This highlights the role of local 
factors determining the geomorphic activity 
patterns across arctic–alpine landscapes.
•	 ESPs are potentially extremely climatic sen-
sitive.	The	increase	of	2	°C	relative	to	cur-
rent temperature conditions was projected to 
cause a near–complete loss of active ESPs 
in the arctic–alpine study area. As climate 
change proceeds, the suitable climatic spac-
es for the occurrence of ESPs may global-
ly shrink to a few topographically complex 
mountain areas. 
•	 The methodology developed in this thesis can 
be used to produce novel datasets for the use 
of other disciplines, for example climatolo-
gist, ecologist and geoscientist.
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errata
paper ii:
Page 4, in the caption of Figure 2 is written “… 
(D) peat depth … ”. It should be changed to “… 
(D) soil depth…”.  
paper iii:
The citation “Hjort and Luoto, 2010” should be 
changed to:
 “Hjort and Luoto, 2011”. 
Similarly in the reference list, “Hjort J, Luoto M. 
2010. Novel theoretical insights into geomorphic
process–environment relationship using simulat-
ed response curves.Earth Surface Processes and 
Landforms	35:	363–371.”	should	be	changed	to:
 
“Hjort J, Luoto M. 2011. Novel theoretical in-
sights into geomorphic process–environment re-
lationship using simulated response curves. Earth 
Surface	Processes	and	Landforms	35:	363–371.”
